This study examines the acute effects of plyometric exercise on 1 repetition maximum (RM) squat performance in trained male athletes. Twelve men (mean age Ϯ SD: 20.5 Ϯ 1.4 years) volunteered to participate in 3 testing sessions separated by at least 6 days of rest. During each testing session the 1RM was assessed on back squat exercise. Before all 3 trials subjects warmed up on a stationary cycle for 5 minutes and performed static stretching. Subjects then performed 5 submaximal sets of 1-8 repetitions before attempting a 1RM lift. Subjects rested for at least 4 minutes between 1RM trials. During the first testing session (T1) subjects performed a series of sets with increasing load until their 1RM was determined. During the second and third testing sessions subjects performed in counterbalanced order either 3 double-leg tuck jumps (TJ) or 2 depth jumps (DJ) 30 seconds before each 1RM attempt. The average 1RM lifts after T1 and testing sessions with TJ or DJ were 139.6 Ϯ 29.3 kg, 140.5 Ϯ 25.6 kg, and 144.5 Ϯ 30.2 kg, respectively (T1 Ͻ DJ; p Ͻ 0.05). These data suggest that DJ performed before 1RM testing may enhance squat performance in trained male athletes.
Introduction

C
oaches and trainers often use maximal strength testing to assess muscular fitness, track progress, provide motivation, and develop individualized programs. If there is qualified supervision and if appropriate testing guidelines are followed, maximal strength testing can be a safe, effective, and reliable method of evaluating muscular fitness in athletes and nonathletes (2, 16) . Although isokinetic and isometric tests are often used in the clinical setting, 1 repetition maximum (RM) tests using free weights (i.e., barbells) are typically used to assess the strength of athletes. The 1RM is the maximal amount of weight that can be lifted only once for a specific exercise, using a proper exercise technique.
Athletes are often instructed to engage in some type of physical activity or warm-up before any type of strength testing. It is widely conjectured that increasing flexibility (increasing range of motion in the joints) will reduce the risk of injury and enhance performance. Several minutes of low-to moderate-intensity aerobic exercise followed by various stretching techniques has been traditionally recommended by coaches and trainers to aid the athlete in preparing for an upcoming event. The ergogenic benefits of this type of warm-up have been studied since the 1950s (17) , and since that time researchers have focused on determining the best type of warm-up for improving exercise performance. Recently, however, the value of pre-event static stretching has been questioned (12) , and increased attention has centered on performance of high-intensity contractions during the warm-up period (11) . Although further study is required, highintensity contractions during the pre-event warm-up may potentially create an optimal environment for subsequent training or testing (or both) (5, 11) .
Although the influence of different stretching protocols on jumping ability and maximal strength continues to be researched (19, 23) , the idea of performing high-intensity contractions (e.g., high-load strengthtraining exercises) before the performance of exercises that require explosive power (e.g., plyometrics) is gaining some degree of popularity among researchers and practitioners (1, 4, 6, 9, 24) . Even though the parameters associated with high-intensity contractions and muscle performance have not been fully examined, it is possible that positive effects may occur if high-load strength-training exercises are performed before plyometric exercises. To our knowledge, the effects of performing quick, powerful movements before performance of 1RM strength tests have not been examined. More specific information regarding the effect of plyometric exercise on 1RM strength would be useful to coaches, trainers, and athletes. Therefore, the purpose of this study was to examine the acute effects of ply-ometric exercise on maximal squat performance in trained athletes.
Methods
Experimental Approach to the Problem
In this study we wanted to examine the effects of 3 different testing protocols on 1RM squat performance. A group of male athletes were tested on the squat exercise on 3 different occasions at least 6 days apart. During the first testing session, subjects performed a traditional warm-up protocol before 1RM testing. During the second and third testing sessions, the subjects performed either tuck jumps (TJ) or depth jumps (DJ) before attempting a 1RM lift. This approach allowed us to individually assess 1RM performance on each testing occasion and to carefully monitor the response of each subject to the testing protocol.
Subjects
Twelve male athletes ([mean Ϯ SD] age: 20.5 Ϯ 1.4 years, weight 87.4 Ϯ 11.6 kg, height 179.1 Ϯ 11.1 cm) volunteered to participate in this study. Subjects were informed about the nature of this study, and they signed an informed consent form approved by the Internal Review Board for use of human subjects at the university. Subjects were screened for any medical or orthopedic concern that would limit participation. All subjects had previous experience in strength training (mean 5.2 years) and at least 1 year of experience performing plyometric exercises to encourage consistent jumping performances. Eleven of the 12 subjects (92%) played collegiate baseball and participated regularly in baseball practice, which included agility drills and speed training. No subject performed strength-training or plyometric exercises for the lower body during the study period. The mean vertical jump of the subjects was 59.9 Ϯ 13.9 cm.
Testing Procedures
All testing sessions took place during a 3-week period. Each session consisted of a general warm-up of lowintensity aerobic exercise (5 minutes of stationary cycling at a ''comfortable'' pace) followed by 6 lowerbody static stretches (each stretch was held for 20 seconds and performed twice). After the general warmup procedures, the 1RM was assessed on the free-weight back squat exercise as described previously (2) . Briefly, the plate-loaded barbell (York Barbell Company, York, PA) was placed above the posterior deltoids at the base of the neck, and the downward movement phase continued until the thighs were parallel to the floor. Before attempting a 1RM lift, subjects performed a series of submaximal sets of 8, 5, 2, and 1 repetitions with increasing loads. The aforementioned warm-up procedures did not change during the 3 testing sessions. As such, all subjects performed stationary cycling and static stretching before each of the 3 strength-testing sessions. All measurements for testing were made with the same test administrators and with the same positioning on the squat exercise. After each testing session subjects performed several stretching exercises.
During the first testing session, subjects performed a series of sets with increasing weight until their 1RM squat was determined. The subjects rested for at least 4 minutes between the 1RM trials. The 1RM was recorded as the maximum resistance that could be lifted through the full range of motion, using good form only once. If the weight was lifted with the proper form, the weight was increased by approximately 1-10 kg, and the subject attempted another repetition. The increments in weight were dependent on the effort required for the lift and became progressively smaller as the subject approached the 1RM. On average, the 1RM was determined within 6 trials. Failure was defined as a lift falling short of the full range of motion in at least 2 attempts spaced at least 4 minutes apart. Throughout all testing procedures, an instructor to subject ratio of 1:1 was maintained, and all testing took place in the afternoon in a university strength and conditioning center. Uniform verbal encouragement was offered to all subjects.
During the second and third testing sessions, subjects performed either 3 double-leg TJ or 2 DJ 30 seconds before each 1RM attempt. The order of treatments for the second and third testing sessions was counterbalanced, i.e., during the second testing session half the subjects performed the TJ first and the other half performed the DJ, and during the third testing session half the subjects performed the DJ first and the other half performed the TJ. The double-leg TJ is a medium-intensity plyometric drill performed by explosively jumping upward while quickly pulling the knees to the chest. The DJ is a high-intensity plyometric drill performed by stepping from a box to the floor with both feet and then immediately jumping as high as possible. For the purpose of this study, a 43.2-cm box was used. The double-leg TJ and DJ are biomechanically comparable to the squat exercise and are described in detail elsewhere (5). All subjects had previous experience in performing the plyometric exercises used in this study.
Statistical Analyses
A one-way analysis of variance (ANOVA) with repeated measures was used to determine whether any significant differences existed between the 1RM scores after the 3 testing sessions. When appropriate, Bonferroni posthoc comparisons were used. The statistical power for the N size used ranged from 2 to 63%. Statistical significance was set at p Յ 0.05, and analyses were conducted using the SPSS statistical package (version 10.0, SPSS, Inc., Chicago, IL). All values are presented as mean Ϯ SD.
Results
No injuries occurred throughout the study period, and the testing procedures were well tolerated by the subjects. The results for the 1RM squat after the first testing session and the sessions in which subjects performed TJ and DJ before the squat exercise were 139.6 Ϯ 29.3 kg, 140.5 Ϯ 25.6 kg, and 144.5 Ϯ 30.2 kg, respectively. The performance of DJ before the squat exercise resulted in a significantly greater 1RM lift than did the first testing session performed without plyometric exercises (p Ͻ 0.05). No order effects were observed.
Discussion
These data suggest that high-intensity plyometric exercise performed before 1RM testing can have a significant influence on squat performance in male athletes. In our study 2 DJ performed 30 seconds before a 1RM attempt significantly increased 1RM squat performance by 4.9 kg (3.5%) when compared with the results from the first testing session, which did not include plyometric exercise. The volume of the plyometric exercise used in this study was kept low on purpose to guard against exercise-induced fatigue, which could lead to deterioration in neuromuscular performance (13) . To our knowledge, no other study has investigated the acute effects of plyometric exercise on 1RM squat performance. It should be underscored that subjects in this study were strength-trained male athletes who had previous experience in performing plyometric exercises.
Previous reports indicate that static stretching may significantly reduce leg strength (12) and jump height (18, 23) . Also, Fowles and Sale observed that passive stretching induced a significant decrease in motor unit activation 5 minutes after stretching and a reduction in strength that persisted for 60 minutes (10) . These findings suggest that pre-event passive stretching may influence neural mechanisms that may negatively affect muscular performance. Conversely, high-intensity contractions performed during a pre-event warm-up (11) or as part of a training session may positively affect muscular performance (8) . Recent findings from Young et al. (24) demonstrate that a loaded countermovement jump improved by 2.8% when it was preceded by 1 set of half squats with a 5RM load. Baker's observations (3) also provide evidence of the shortterm enhancement of power performance resulting from high-load strength training. Interestingly, the relative performance gains observed in our study (3.5%) were consistent with those of other studies in which high-load strength training occurred before power training (20, 24) .
Although further study is needed, it is believed that performance of a high-load lift before a plyometric exercise may excite the central nervous system, which may in turn allow for a greater explosive effort during subsequent exercises (21) . Although it is a matter of speculation, high-load strength training may increase motoneuron excitability and reflex potentiation, which may create an optimal training environment for plyometric training. Also, it is possible that the fatigue associated with a high-load set may force more motor units to be recruited during the plyometric exercise (5, 8, 21) . In the present study, however, plyometric exercises were performed before the 1RM squat trials. Thus, the results from other studies may not be directly applicable to our findings.
Nevertheless, it is likely that similar mechanisms (i.e., increased motor neuron excitability, enhanced motor unit recruitment patterns, or increased activation of synergists [or all]) resulting from the DJ may have contributed to the increase in 1RM squat performance in our study. One could suggest that the explosive-type loading used in our study enhanced the excitability of the fast-twitch units and therefore ''primed'' these units to play a more significant role in the performance of maximal-strength tests. This suggestion is consistent with the findings of others who have reported that explosive-type loading facilitates the function of the neuromuscular system without causing undue fatigue (15) . However, this contention is tentative because no tests at the level of neuromuscular activation were performed in our investigation.
These findings suggest that only high-intensity plyometric exercises can enhance neural stimulation to a level that will significantly increase maximal muscle strength. Because higher-threshold motor units (typically type II fibers) are recruited only when high-power outputs are demanded (7), it appears that high-intensity plyometric exercises such as DJ are needed to recruit higher-threshold motor units, which in turn may contribute to enhanced squat strength. Because differences in neuromuscular function between power athletes and endurance athletes have been reported (14) , it is important to note that the subjects in this study were primarily college baseball players who had previous experience performing plyometric exercises and conditioning drills. Athletes who perform explosive training may have improved intramuscular coordination (e.g., enhanced motor unit synchronization) and, therefore, may be more likely to benefit from the warm-up procedures used in this study.
Practical Applications
Our findings highlight the important relationship between neuromuscular stimulation and dynamic strength performance. The results of this study suggest that 1RM strength can be enhanced if the testing protocol includes a low-volume set of high-intensity plyometric exercises. In our investigation 2 repetitions of a DJ exercise performed 30 seconds before a 1RM attempt enhanced squat performance in strengthtrained male athletes. This is not to say that 1RM testing without a plyometric warm-up is not optimal, but rather that coaches and trainers should consider the potential impact of pre-event exercises on muscular performance. Also, the same warm-up protocols should be performed during pre-and posttraining strength testing sessions.
It must be underscored that all the subjects in this study had performed strength-training exercises and plyometric drills previously, and most of the subjects were college baseball players. As such, the testing protocols used in this study are not recommended for beginners or athletes with limited strength-training experience due to the potential for injury. In addition, the results of this study may not be applicable to women because all the subjects in this study were men. Further studies with a larger sample size to increase statistical power are required. In addition, future studies should examine the precise underlying neuromuscular mechanisms that may explain the performanceenhancing effects of plyometric exercise on maximalstrength training.
